A higher-throughput microfluidic in vitro bioreactor coupled with fluorescence microscopy has been used to study bacterial biofilm growth and morphology, including Pseudomonas aeruginosa (P. aeruginosa). Here, we will describe how the system can be used to study the growth kinetics and the morphological properties such as the surface roughness and textural entropy of P. aeruginosa strain PA01 that expresses an enhanced green fluorescent protein (PA01-EGFP). A detailed protocol will describe how to grow and seed PA01-EGFP cultures, how to set up the microscope and autorun, and conduct the image analysis to determine growth rate and morphological properties using a variety of shear forces that are controlled by the microfluidic device. This article will provide a detailed description of a technique to improve the study of PA01-EGFP biofilms which eventually can be applied towards other strains of bacteria, fungi, or algae biofilms using the microfluidic platform.
Introduction
Here, we will demonstrate a method to measure the effect of shear stress on the formation of fluorescent Pseudomonas aeruginosa (P. aeruginosa) PA01 biofilms using an automated higher-throughput microfluidic system. Biofilms are communities of microorganisms, such as bacteria, organized by an extracellular polymeric substance that are attached to a support, and are typically found at the interface between a liquid and a solid surface 1 . These biofilm communities can be beneficial to the environment, such as improving water quality in water supply lines and in bioremediation of recalcitrant compounds 2, 3 . However, biofilms can also be highly harmful to human health with undesirable consequences. For example, medical devices, such as hip and knee implants, are one type of surface where biofilm accumulation has been a challenge and causes severe medical complications 4, 5 . Biofilms can also enter natural water systems, such as rivers and lakes, and infiltrate water supply pipes leading to bacteria contamination in drinking water resulting in infections 6, 7, 8 . Biofilms formed in marine environments adhere to ships and other man-made substrates and present a major economic and environmental problem as increased friction leads to increase fuel consumption 9, 10 . Antimicrobial coatings, such as Tributyltin, have been developed to prevent these problems but are toxic to marine life 11 . P. aeruginosa is a Gram-negative bacterium with high thriving capabilities in a variety of environmental and nutrimental conditions 12 . P. aeruginosa is a common cause of community-and hospital-acquired infections and found to be closely associated to injuries, such as severe burns, and immunocompromised hosts, such as in cystic fibrosis (CF) 5, 12, 13 , AIDS, and cancer patients 5, 13 . The formation of P. aeruginosa biofilms has been most seriously connected to CF, where chronic lung infections are the leading cause of death for this disease 5 .
A reference strain of P. aeruginosa, PA01, is used in this report and is genetically modified to express an enhanced green fluorescent protein (PA-EGFP). EGFP represents a mutant form of GFP with greater fluorescence properties which allows for in situ biofilm analysis using fluorescence microscopy 14, 15, 16 . This type of fluorescence analysis is advantageous for the study of biofilms because GFP does not interfere significantly with cell growth and function . Other reports substantiate this claim 18, 19, 20 . Furthermore, the use of a fluorescent reporter such as EGFP is quick and simple, yet only live cells will be measured because dead cells quickly cease to fluoresce 21 . Biofilms can grow under various environmental conditions including those with different flow rates. For example, films can grow in high shear stress, such as in rivers, where the high water flow conditions lead to a greater microbial diversity 22 . Contrarily, standing water in ponds or oral biofilms experience a much lower shear force 23 . In addition to flow rate, there are other factors that influence biofilm adhesion, including surface roughness and hydrophobicity, media composition, and even the bacterial cell surface 1, 4, 7, 24 . Conditions can also cause variation in the spatial structure or morphology of a biofilm. This includes environmental conditions such as shear stress exerted by a moving fluid or gradients in nutrient availability and biological factors such as the species present in the system, motility of cells, and the specific proteins present in the extracellular polymeric substance 25, 26, 27 . Under some conditions, the biofilm will be lawn-like (smooth and flat), while under other conditions the biofilm will be rough, fluffy, or even mushroom-like 28 . While the qualitative difference between biofilm lawns and mushroom structures can be clearly seen in microscopic images, understanding the relationship between film structure and biological processes within the film requires systematic and quantitative methods of describing the morphology. Morphological properties suggested for study by researchers include porosity, fractal dimension, diffusional length, microcolony area at the substratum, microcolony volume, roughness coefficient, and textural entropy 29, 30 .
Bioreactors are used in the study of biofilms to mimic real life conditions 31 . Drip flow reactors (DFR) represent a low-shear environment where nutrients in media flow slowly across cells that are attaching to a surface over time to form a biofilm with a high cell density 32 . CDC reactors are bioreactors that create a high shear stress fluid environment by control of a stirring rod that is continuously rotating within the media filled tank 33 . These types of bioreactors are simple to set up, but they are limited in scope because of the relatively low sample size, the high consumption of media, large amounts of biohazardous waste produced from media drip flows ranging from 125 µL/minute for drip flow reactors to more than 1 mL/min for CDC reactors, and the need to autoclave large amounts of glassware and waste media 34 . Biofilms do not grow evenly across the surface in a drip flow reactor because the low shear of media causes trailing along the larger conglomerates of P. aeruginosa bacteria therefore, the biofilm growth is not very smooth and the uneven samples cannot be easily analyzed with fluorescence microscopy 35, 36 .
Some common bioreactor limitations are overcome by using a medium-throughput microfluidic bioreactor, where only milliliters of media are required, and the reaction plates are small and readily disposable after autoclaving 37 . Furthermore, depending on the number of wells, many replications can be performed in just one reactor run, which provides sufficient amount of data to conduct meaningful statistical analysis. In Figure 1 , the different components of the microfluidic-microscopy system that allow for controlled conditions, including temperature and flow rate 38, 39, 40 , are shown. The bioreactor is coupled with fluorescence microscopy to visualize the fluorescence of the EGFP tag in PA01 under applied low through high shear conditions that will mimic more realistic scenarios that are encountered in the environment or in the biomedical field. A step by step guide is provided to allow users of microfluidic bioreactors that are coupled with fluorescence microscopy to conduct novel biofilm experiments using different shear environments. This method will allow for the expansion of experiments involving other microorganisms besides bacteria, such as fungi and algae, that have medical and environmental applications 41, 42, 43 . The detailed approach describes how to culture PA01-EGFP, inoculate a 48-well plate and set up the microfluidic device and software, set up the fluorescent microscope, and demonstrate the software analysis to obtain the biofilm coverage, growth rate, and morphological properties such as surface roughness. Transfer required media to a sterile bottle using sterile techniques. Prepare the amount required depending on the number of channels being used. Typically, each channel requires 200 µL for priming, 300 µL for seeding and 1300 µL for the 24 h experiment. 3. Place the bottle in an incubator or water bath set at the experimental temperature. The media should be at the experiment temperature before use to avoid bubbles forming in the microchannels.
Preparation of an Overnight and Experimental Culture of PA01-EGFP.
1. Place 15 mL of experimental media into a sterile sidearm flask and inoculate with one or two colonies from an agar plate streaked with PA01-EGFP. Expand the culture for 12-16 h on an incubator/shaker table at 37 °C and 180-220 rpm. 2. Measure the OD 600 of the overnight culture. When the OD 600 is greater than 0.80, dilute the overnight culture to the final OD of 0.8 using fresh MM. Place the experimental culture in an incubator or water bath at 37 °C until needed for seeding the microfluidic channels. Check the OD 600 again immediately before seeding to ensure that it has not changed significantly from the target OD 600 , 0.8 in this case.
Equipment Startup
1. Set up the system station according to the user guide, similar to the setup in Figure 1 . To avoid an error in the connection of the instrument to the software, turn on the instrument in the following order: PC Workstation Fluorescence Module. Make sure the fluorescence shutter is ON (blue light by shutter button on) Hardware Controllers Imaging system Controller (see Table of 1. Remove the 48-well microfluidic plate from the packaging making sure to not touch the glass surface at the bottom of the plate. Clean the glass slide at the bottom of the plate well with a lens tissue, a lint free cloth, or a low-lint wipe. 2. To prime the microfluidic channels, pipette 200 µL of 37 °C MM into the output well, being careful to avoid bubbles. Place the plate into the plate stage and wipe the interface with ethanol, allowing to dry, before sealing it onto the plate stage. 3. In Manual Mode on the Control Module, set Fluid as LB at 37 °C and Max Shear at 5.00 dyne/cm 2 . Click the output wells to activate flow from the output to the input well, priming the channels. After the 5 min priming, pause the flow to prepare for seeding. Carefully remove the plate from the stage and pipette residual media from the output but not removing any of the media from the inner circle that leads to the microfluidic channels. 4. To seed the experimental channels, first pipette 300 µL of MM into the input well followed by pipetting 300 µL of the bacterial culture into the output well into the output well. Place the plate back into the plate stage making sure to wipe the interface before placing it on the plate. 5. On the Control Module, focus on a single channel using the live camera feed after placing the plate stage onto the microscope stage. While visually monitoring by the live feed, resume flow at 1.00-2.00 dyne/cm 2 for approximately 2-4 s to allow cells to enter the experimental channel but not in the serpentine channels. Leave the plate on the temperature controlled stage for 1 h to allow for cell attachment. During the 1 h incubation, the Control Module and Montage software can be set up for the autorun (Step 5). NOTE: The amount of time needed for seeding will vary with media and organism, so it should be monitored closely by the live feed until optimized and used as a general time frame. Seeding throughout the plate may vary which would require more time of applied flow to certain columns of channels for complete seeding. 6. After the attachment period, gently remove the plate from the stage and pipette the bacteria from the output first avoiding disturbing the channel. With a new pipette tip, remove the media from the input wells. 
Timed Biofilm Growth Experiment Setup
1. Pipette a maximum of 1,300 µL of sterile MM into the input well of the microfluidic plate. Place the plate back onto the plate stage and wipe the interface with ethanol, allowing ethanol to dry completely, before sealing the plate. 2. Placing the plate stage onto the microscope stage, and be sure that the protocol(s) and sequence(s) are set up correctly. Select Start to start the autorun quickly followed by clicking Acquire to start the microscope image collection. NOTE: Do not create stacks with the thumb images. These files are not very useful and can be deleted to save room on the hard drive. Also, image files are saved as the following: BASE NAME_WAVELENGTH_sCHANNEL#_tIMAGE#. For example, 07062018_W1FITC 100_s12_t112 is for the channel 12, time point 112, image in the first wavelength-FITC 100% camera data with the base name "07062018". 5. Finally, select Save As from the File drop-down menu to save the sequence as a tiff stack. Stacks can also be overlaid and saved as a movie. This is addressed in step 9. 6. Before quantifying the % surface coverage, calibrate the image distances. Under Analysis Tools, click on Calibrate Distances. Select the appropriate calibration measurement and click Apply to All Open Images. 7. While the stack is on the first image of the sequence, click on the Threshold button. Use Auto Threshold for Light Objects to threshold for fluorescent signal (FITC wavelength) and Auto Threshold for Dark Objects to threshold in bright field. Adjust threshold to the coverage that represents the coverage of the image. 1. For fluorescent thresholds, utilize a channel with non-fluorescent cells to establish any background signal and set the minimum threshold value to exclude signal detected in channels containing these non-fluorescent cells to ensure the signal measurement does not overestimate the area of fluorescence. This may be different from run to run so it is a good idea to use at least one, if not more, channel(s) for non-fluorescent controls. 2. For bright field thresholds, if all cells are not covered by the orange threshold signature, adjust the maximum threshold value either via the sliding toolbar or using the Threshold Image (found under the Analysis Tools) so that all cells are covered but any background is excluded. NOTE: While these threshold values ideally would be used for all images within a stack and for all channels, threshold values selected for one image/channel may not be appropriate for other images or channels, therefore the user may need to adjust the threshold range periodically. For this reason, it is a good idea to always record the maximum and minimum threshold values used should the data need to be reviewed later.
8. To quantify the coverage, under Analysis Tools, click Show Region Statistics. Make sure that Use Threshold is checked, the Entire Image is selected, and under Obtained Data, make sure the desired measurements/settings are selected (threshold area, average, standard deviation, min, max, and % threshold area). Click on Open Log and make sure DDE file is selected before clicking OK. Select Microsoft Excel and click OK. In the spreadsheet that will open, click Log Data to automatically record the measurements of the image being analyzed.
Other Software Applications -Making Overlays and Movies
1. If multiple wavelengths are used, create overlay stacks including these wavelengths. Open all stacks of interest and calibrate the distance as done in step 7.6. 1. Under Analysis Tools, select Overlay Images. Set the sources as the stacks of interest. In the FITC stack, click on the rainbow circle and select green color filter to be added in order to highlight this wavelength. 2. Use bal to adjust the overlay so that the FITC stack is apparent in the images. After all adjustments have been made, select All Planes for both stacks and click Apply. Save the overlays in the same way as stacks described in step 7.5 or as a movie described in step 9.2. , the biofilm coverage was delayed and began to increase at 400 min reaching 100% coverage after 800 min. The lowest shear at 0.2 dyne/cm 2 clearly demonstrated the slowest increase in biofilm coverage, where percent coverage started to increase at 500 min but never reached beyond the 65% threshold area. These results indicated shear had a direct influence in biofilm surface coverage. The higher shear seemed to be a more optimal condition for biofilm growth, possibly due to the fact that the media provided the bacteria with more nutrients so that the biofilm can proliferate quicker. . The procedure described in this investigation measures the thickness associated with living cells. A flat arrangement of cells will yield a roughness coefficient of zero while significant variations of thickness from the average will yield a roughness coefficient greater than one. Similar to the shear influence on the growth rate and the percent threshold coverage of the film, the biofilms exhibited different topographies over time. Overall, R a decreased over time for all shear conditions indicating that all surfaces became smoother. However, in comparison to the lowest shear of 0.2 dyne/cm, the higher shear settings of 0.5 and 1.0 dyne/cm 2 resulted in a smoother surface over time indicating that a faster shear flow contributed to smoother and more even surface, and the highest shear of 1.0 dyne/cm 2 reaching below 0.2 R a .
The smoothness, regularity, or coarseness of a surface can also be expressed in textural entropy (TE). TE is a property used in image analysis to measure the degree of randomness in a two-dimensional image. Its calculation is based on the gray level co-occurrence matrix, defined by Haralick et al., which looks at whether pixel values at one location are correlated with pixel values at another location 44 . A high degree of correlation will lead to low entropy. Figure 4d depicts the TE at shear flows of 0.2, 0.5, and 1.0 dyne/cm 2 . The TE increased over time for all shear conditions but the highest shear stress at 1.0 dyne/cm reached the maximum TE (1.0) earlier than the lower shear stresses at 900 min. The lowest shear of 0.2 dyne/cm 2 had the lowest TE (0.8) reaching its maximum after 1,000 min. However, the intermediate shear stress of 0.5 dyne/cm 2 reached its maximum TE (1.2) much later than the high or low shear stress conditions.
The roughness coefficient and TE measure different features. While a flat film would have a low roughness coefficient and low entropy, a film with significant variation in thickness would have a high roughness coefficient but could still be low entropy if the variation is sinusoidal rather than random. In this case, R a decreased with increased shear stress and time while the TE trends cannot be directly related to shear stress applied to biofilm formation over time.
There are several small but significant steps that should be highlighted in this method. Wiping the interface with alcohol helps avoid contamination of other bacteria in going from experiment to experiment but also from well to well in one experiment. Priming and seeding are also very important because priming allows the user to determine which channels are allowing the media to flow through the channels without any disturbances or clogging. Channels should also not be disturbed (i.e. they should be constantly full of media) after priming to increase the chances of a successful experiment with no air bubbles or clogging. The seeding step can be varied according the type of bacteria and so should be optimized for cell attachment. For example, if cells do not seem to attach, surface modifications may have to occur on the microfluidic plate prior to seeding or longer incubations times may be needed. It is also critical to make sure that the microscope is correctly set up to obtain an in-focus image and should be monitored periodically throughout the experiment to assure that quality images are obtained. If the focus is off, the microscope can and should be adjusted as the experiment continues. During the image acquisition time, the last wavelength should be set to All Closed in order to avoid the exposure of filters and lighting to only one channel during the waiting time that occurs in between the image acquisitions. Also, the image analysis that determines the % surface coverage was designed in house because the Montage software manual did not explicitly describe the procedure. Furthermore, in order to expand on the image analysis and determine other characteristics such as surface roughness, etc., open source Python-based code 45 was developed in house and shared on the gitHub repository. There are also limitations on how much data can be stored and managed on the local hard drive, so an external hard drive or online data sharing is needed such as CyVerse 46 .
Conventional bioreactors, such as the CDC reactor and the drip flow reactor 34 , require a lot media, provide fewer sample sizes, and demand a high amount of sterilization of equipment. In contrast, the advantages of this higher throughput platform include the ability to control shear, flow rates, and the assumption that the in vitro experiments closely resemble in vivo conditions. Disadvantages of the system include the multiple accessories and software that require a meticulous setup that must be performed in the correct order of events. Furthermore, the manual that is provided for the equipment does not fully explain each step of the experiments, and the software commands, and consequently, many mistakes occur during the experiments, including clogging of channels, lack of growth or attachment, or the lack high quality microscopy images or movies. The instrument itself and consumables, such as the microfluidic plates, are also relatively expensive with a price tag of over $200 per plate and are not reusable. Thus, while the technique lends powerful results, the technical expertise required for its use is relatively high and requires repeated training by experts in the field. This report attempts to resolve this issue by providing a guide to new users of these bioreactors to study biofilms characteristics.
The microfluidic system, which is able to perform cellular analysis, has gained considerable attention for various scientific modalities, such as in microbiology, immunology, hematology, oncology, and stem cell research. More specifically, the technology has resulted in many publications describing topics that are highly relevant to medical applications 37, 47 , including microbial oral adhesion 48 , determining the effects of biosurfactants on Pseudomonas aeruginosa and Staphylococcus aureus 49, 50 , host pathogen interactions in E. coli 51 , Streptococcus adherence 52 , and treatment of cystic fibrosis 53 . Given the fact that this microfluidic system is very versatile, it is anticipated that more and more systems will be distributed throughout the world.
Some specific protocol steps should be carefully considered. Media can be diluted to 50% with dH 2 O to help prevent bubbles and clogging but was not required in this case. The specific value of OD 600 used for seeding must be determined using trial runs of a growth experiment to see what works best for the particular set of conditions used. Bubbles in the wells prior to sealing can lead to bubbles in the microfluidic channels and should be removed by either popped or sucked out with a pipette tip. It is important to keep bacteria out of the small serpentine channels. By having equal volumes of media in the input and output during the seeding process, flow due to pressure from the liquid volume will be controlled so flow is only due to the applied pressure from the system. The calibration distances should be set up during installation by the company representative. These settings are specific for each camera.
There are several challenges that occur when finding the most representative threshold for an image. Setting maximum threshold values can be difficult if the average pixel intensity across regions of the background are not consistent caused by either selecting a stage position that is not at the center of the channel or from debris on the plate. Under the MM Standard, click on Process, and then select Background and Shading Correction tool to correction for these inconsistencies. However, this tool is generally only helpful if the user has taken images of the channels before seeding that they can use as reference images. Or, if background/shading reference images are unavailable, the user will need to use their judgment to set a threshold value that covers the most cell area without including background for the entire image. Alternatively, select representative areas to measure that exclude regions of inconsistency by click Rectangular Region, Ellipse Region, or Trace Region to select a region and select Active Region rather than Entire Image on the Show Region Statistics window (under Analysis Tools). If a representative region is utilized for thresholding the bright field image, the same region should be used for measurement of the corresponding FITC image. It is helpful to record the specific spatial statistics (Left, Top, Width, Height, Area, Perimeter) associated with that representative region so the same region will be found and measured on the corresponding FITC image.
To prevent a buildup of data on the hard drive that will cause the computer to slow down, an external hard drive can be purchased for data storage. Another option for data storage and facilitating data sharing is the CyVerse bioinformatics platform. Create an account on the CyVerse system by going to http://www.cyverse.org/. Once logged in, launch the Discovery Environment then select "Log in CyVerse". Select "Data" and navigate to your the folder. If the image stack is on the local computer then select "Upload" then "Simple Upload from Desktop". Find the image stack file and select for upload. The file or a folder can be shared with collaborators if they have a CyVerse account and are granted permission. Sharing of the data folder to the general public requires that metadata be added for each file using CyVerse approved standards. This procedure will not be discussed here because this is not within the scope of this work.
